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The exchange bias (EB) effect has been observed in magnetic Bio.9Gdo.1Feo.9Tio.1O3 nanoparti¬ 
cles. The influence of magnetic field cooling on the exchange bias effect has also been investigated. 

The magnitude of the exchange bias field (Heb) increases with the cooling magnetic field, showing 
that the strength of the exchange bias effect is tunable by the field cooling. The Heb values are also 
found to be dependent on the temperature. This magnetically tunable exchange bias obtained at 
temperatures up to 250 K in Bio.9Gdo.1Feo.9Tio.1O3 nanoparticles may be worthwhile for potential 
applications. 

PACS numbers: 


I. INTRODUCTION 


The exchange bias (EB) effect was discovered in 1956 
by Meiklejohn and Bean when studying Co particles em¬ 
bedded in their native antiferromagnetic oxide (CoO) [1]. 
This effect is widely used in different magnetic sensors 
and read heads for spintronic applications [2]. The phe¬ 
nomenon manifests itself by a shift of the magnetization 
vs magnetic field (M — H) hysteresis loop of a magnetic 
system along the field axis when the system is cooled 
down through the Neel temperature of the antiferromag¬ 
netic component of the system. So far most of the ex¬ 
perimental studies in this field have been focused on the 
investigations of specially prepared systems, such as core¬ 
shell nanoparticles with the ferromagnetic (FM) core cou¬ 
pled to the antiferromagnetic (AFM) shell [1, 3], or thin 
films composed of FM and AFM thin layers [2] or bi-layer 
systems like Co/CuMn where a spin glass like behavior 
has been used to interpret the EB effect [4] . The EB effect 
was observed not only in specially prepared systems but 
also in bulk perovskite manganites [5, 6] and cobaltites [7] 
with spontaneous magnetic phase segregation. Interest¬ 
ingly, the EB effect attributed to spontaneous phase sep¬ 
aration has recently been observed in a couple of multi- 
ferroic materials [8] . However, almost all of the currently 
known materials with multifunctional activities demon¬ 
strate a low magnetic-ordering temperature which is in 
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contrast to a room temperature ferromagnetic-transition 
temperature (Tc > 350 K) [9] typically needed in ap¬ 
plications. This is a clear obstacle to the exploitation of 
multiferroics in real applications at room temperature. It 
is worth noting that among the limited available multi¬ 
ferroics, BiFeOa stands out as the only multiferroic com¬ 
pound which is so far known to show both electric and 
magnetic ordering in a single phase well above the room 
temperature [10]. The high characteristic phase transi¬ 
tion temperatures, e.g., ferroelectric Curie temperature 
Tc = 1100 K and antiferromagnetic Neel temperature 
Tat = 640 K [9, 11] of BiFeOa are promising for appli¬ 
cations in magnetic and ferroelectric devices. The co¬ 
existence of multiferroicity and EB in structurally single 
phase BiFeOa is remarkable and needs to be explored to 
search for new multiferroic materials having technologi¬ 
cal applications. Recently, to ascertain the presence of 
EB effect in Na doped BiFeOs nanoparticle system, the 
training effect was studied [12]. For the 3 % Na doped 
BiFeOs nanoparticles, a monotonic decrease in the EB 
field have been observed with increase in the field cycles 
number (n). The experimentally observed training ef¬ 
fect data points were found in accordance with Binek’s 
model based on the antiferromagnetic (AFM) and fer¬ 
romagnetic (FM) interface. Notably, the EB effect was 
observed in BiFeOa without any magnetic-field-annealing 
process through T^r [10] (the conventional method of in¬ 
ducing unidirectional anisotropy [13]). It has also been 
observed without using any alloy layers [14], however, 
then the biasing strength of BiFeOa is observed to be 
very weak with Heb = 36 Oe [14] at room temperature. 
Such a weak biasing effect is also observed at room tem¬ 
perature in a number of previously studied materials [15]. 
Moreover, the effect is found to vanish above 100 K [16] 
in some other materials, thus making such systems less 
attractive for applications. 
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In the present investigation, we have observed increas¬ 
ing exchange bias effect as temperatures drop, reaching 
103 Oe only 50 K below room temperature in magnetic 
Bio.gGdo.iFeo.gTio.iOa nanoparticles. The effect appears 
as an asymmetric shift of the hysteresis loop towards the 
magnetic field axis both in zero field cooling (ZFC) and 
field cooling (FC) conditions. The exchange bias field 
(Heb) was found to increase significantly as the cooling 
magnetic field [Hcooi) was increased. 


II. EXPERIMENTAL DETAILS 

The mutiferroic ceramic with nominal composition 
Bio.gGdo.iFeo.gTig.iOa was prepared initially by con¬ 
ventional solid state reaction technique which was de¬ 
scribed in details elsewhere [17]. The ceramic pellets 
were ground again into powder by manual grinding. The 
Bio.gGdo.iFeo.gTig.iOa nanoparticles were prepared di¬ 
rectly from this bulk powder by using the sonication 
technique described in Ref. [18]. The bulk powders were 
mixed with isopropanol with a ratio of 50 mg powder and 
10 ml isopropanol and then put into an ultrasonic bath 
and was sonicated for 60 minutes. After around four 
hours, ~ 35 % of the mass was collected as supernatant 
and was used for structural and magnetic characteriza¬ 
tion. The particle size was studied using transmission 
electron microscopy (TEM) imaging that confirmed the 
formation of a large fraction of single-crystalline nanopar¬ 
ticles with a mean size of 40-100 nm as shown in figure 
1(a). A high magnification TEM bright field image and 
the corresponding particle size distribution histogram de¬ 
duced from a number of TEM images were shown in 
the supplemental figure 1(S1) [19]. The high resolution 
(HR) TEM image, figure 1(b) shows the crytalline plane 
of the monocrystalline particle. The X-ray diffraction 
(XRD) patterns of the Bio.gGdo. 1 Feo.gTio. 1 O 3 nanopar¬ 
ticles with rhombohedral crystal structure are shown in 
figure 1(c). In the synthesized nanoparticles, there is only 
one secondary phase and it is labeled by an open circle, 
figure 1 (c) compared to that of a significant number of 
different impurity peaks appeared in the corresponding 
bulk ceramic [17]. Magnetization measurements of mag¬ 
netic Bio. 9 Gdo. 1 Feo.gTio. 1 O 3 nanoparticles were carried 
out using a Superconducting Quantum Interference De¬ 
vice (SQUID) Magnetometer (Quantum Design MPMS- 
XL7, USA) both at zero field cooling (ZFG) and field 
cooling (FG) processes. 


III. RESULTS AND DISCUSSIONS 

First of all, to ensure the difference in magnetization 
between synthesized nanoparticles and the corresponding 
bulk ceramic powders a temperature dependent magneti¬ 
zation measurement was carried out. Figure 2 shows the 
temperature dependence of the magnetization (M — T) 
of Bio.gGdo. 1 Feo. 9 Tio. 1 O 3 nanoparticles and bulk ceramic 
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FIG. 1 : (a) Bright field TEM image of Bio. 9Gdo.1Feo.9Tio.1O3 
nanoparticles prepared by ultrasonication technique [ 18 ]. (b) 
HR TEM image showing the crystal plane of a monocrys¬ 
talline nanoparticle. (c) X-ray diffraction patterns of 
Bio.9Gdo.1Feo.9Tio.1O3 nanoparticles (The open circle de¬ 
notes secondary phase). 


materials in ZFG and FG processes. To perform the ex¬ 
periment the sample was cooled in the absence of the 
magnetic field (ZFG) to a low temperature. At the low¬ 
est achievable temperature a small magnetic field of 500 
Oe is applied on the sample. Then the magnetization 
was measured as a function of temperature as the sam¬ 
ple was heated back to room temperature in the 500 
Oe field. The magnetization of nanoparticles is signif¬ 
icantly higher (around ten times) over a wide range of 
temperature compared to that of bulk material. This en¬ 
hancement is due to the reduced size of the phase pure 
nanoparticles [18, 20, 21]. With decreasing particle size, 
the surface-to-volume ratio increases and therefore the 
contribution of the surface spins to the total magnetic 
moment of the particle increases [21, 22]. Both ZFC and 
FC M — T curves of Bio. 9 Gdo. 1 Feo. 9 Tio. 1 O 3 nanoparticles 
have not shown any bifurcation which indicates the ab¬ 
sence of any spin flipping effect [20, 23, 24]. The ZFC and 
FC curves were also found to coincide with each other in 
similar multiferroic materials [25, 26]. 

An M-H hysteresis loop of the synthesized nanoparti¬ 
cles was carried out at room temperature, figure 3. The 
unsaturated hysteresis loop with an applied magnetic 
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FIG. 2: Temperature dependence of magnetization (M — T 
curves) of Bio.gGdo.iFeo.gTio.iOs nanoparticles and bulk ce¬ 
ramic powders measured in ZFG and FG processes. 

field of up to 50 kOe along with a large value of coer- 
civity (around 6 kOe) clearly indicates the presence of 
both ferri/ferro and antiferromagnetic domains in these 
nanoparticles. In our previous investigation, for nanopar¬ 
ticles having 12 nm particle size we have observed a well- 
defined ferromagnetic hysteresis loop at room tempera¬ 
ture with a small value of coercivity (53 Oe) [18] as shown 
in the inset of figure 3 (Inset (a)). Therefore, the pres¬ 
ence of multiple magnetic domains in nanoparticles hav¬ 
ing particle sizes 40-100 nm provides the pre-condition 
to explore EB effect at/near room temperature. 
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FIG. 3: The room temperature M — H hysteresis loops of 
magnetic Bio.gGdo.iFeo.gTio.iOs nanoparticles having aver¬ 
age particle size 40-100 nm. The inset (a) shows the M-H 
loop of the nanoparticles having average size 12 nm [18] . The 
inset (b) shows the variation of Heb as a function of temper¬ 
ature. 


This motivated us to study the possible exchange bias 
effect in Bio.gGdo.iFeo.gTio.iOa nanoparticles and there¬ 
fore the M — H hysteresis loops were carried out. The 
hystereis loop was taken at 300 K and then in separate ex¬ 
periments at 250 K and 150 K by cooling down the sam¬ 
ple from 300 K. During the cooling process from 300 K to 
250 K and 150 K we did not apply any magnetic field i.e. 
the experiments were carried out in ZFC condition. The 
room temperature M — H hysteresis loop as well as the 
loops taken at 150 K and 250 K in zero field condition ex¬ 
hibit an asymmetric shift towards the magnetic field axes 
[27]. This is a signature of the presence of an exchange 
bias effect in Bio.gGdo.iFeo.gTig.iOa nanoparticles [27]. 
The exchange bias field from the loop asymmetry along 
the field axis can be quantified as Heb = —{Hci+Hc 2 )/‘ 2 , 
where Hci and Hc 2 are the left and right coercive fields, 
respectively [5, 27]. The variation of Heb as a func¬ 
tion of temperature is shown in the inset of figure 3 
(b). Notably, at 300 K, for nanoparticles having par¬ 
ticle size 40-100 nm, the exchange bias field is 79 Oe 
which is significantly higher than the value reported in 
Ref. ([14], Heb = 36 Oe) for bulk BiFeOa ceramic. In the 
case of our previously investigated nanoparticles having 
12 nm particle size [18], their nearly saturated hysteresis 
loop demonstrated a ferromagnetic nature of the synthe¬ 
sized nanoparticles and their magnetization values were 
much larger than those of nanoparticles having 40-100 
nm size and also than those of their bulk counterparts. 
But, as the system having 12 nm particle size is turned 
into almost one single ferromagnetic domain, any notable 
exchange effect was absent. The effect of increased par¬ 
ticle size on the magnetic behavior and in particular on 
the exchange bias effect of this kind of multiferroic sys¬ 
tem (undoped BiFeOa) was reported in Ref. [21]. The 
exchange bias field was found to decrease with reduced 
particle size which have comparatively higher saturation 
magnetization. For 14 nm BiFeOa nanoparticles, the hys¬ 
teresis loop was fairly saturated and the biasing field was 
insignificant i.e. only 2.5 Oe [21]. 

As there is a substantial value oi Heb at 150 K and 
250 K in ZFG condition, therefore, in the subsequent 
experiments, the magnetic hysteresis loops were carried 
out at these two temperatures by cooling down the sam¬ 
ple from 300 K in various cooling fields (Hcooi) ranging 
from 20 kOe to 60 kOe. In each experiment, the mea¬ 
suring magnetic fields were from -30 kOe to 30 kOe. No¬ 
tably, using the SQUID magnetometer (Quantum Design 
MPMS-XL7, USA) it was not possible to heat the sam¬ 
ple above 300 K, therefore the field cooling experiments 
were not possible to conduct at 300 K. 

The M — H loops of Big.gGdo.iFeo.gTio.iOa nanopar¬ 
ticles at 150K after being cooled from 300 K in zero field 
and then in a separate experiment in 60 kOe fields are 
presented in figure 4 as a typical example. Strong mag¬ 
netic anisotropy in the material can be confirmed via 
very large coercive field (around 5.1 kOe) and unsatu¬ 
rated loops when applying high fields. The inset of fig¬ 
ure 4 shows an enlarged view of the central region of the 
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FIG. 4: M — H hysteresis loop of Bio.gGdo.iFeo.gTio.iOa 
nanoparticles at 150 K. Inset: an enlarged view of M — H 
hysteresis loops showing the asymmetric shifting of field axis 
of Bio.gGdo.iFeo.gTio.iOa nanoparticles for a cooling held of 
60 kOe. 


loops of nanoparticles which demonstrate clearly asym¬ 
metry of the loops along the field axis (inset of figure 4) . 
More details of the loop asymmetry at different cooling 
fields and temperatures can be found in the supplemen¬ 
tal figures 2(S2) and 3(S3) [19]. The exchange bias field 
Heb values were calculated from the loop asymmetry at 
different temperatures for different cooling fields, Hcooi- 
Along with Heb, the coercive field (He) is also quantified 
by He = {Hci — i?c2)/2 [28]. The He values for nanopar¬ 
ticles at 150 K and 250 K are presented in supplemental 
table 1 [19]. At high temperature (250 K), the highest 
coercivity is 5.1 kOe for a cooling magnetic fields of 60 
kOe. The coercivity was found to increase with cooling 
magnetic fields as was also observed in multiferroic [8] as 
well as in manganite system [5]. 

Figure 5 illustrates the exchange bias effect at 150 
k and 250 K in Bio.gGdo.iFeo.gTio.iOa nanoparticles in 
which the Heb can be controlled by cooling field up to 
60 kOe. The Heb values are reduced with increasing 
temperature (figure 5 and figure 3 (b)) which is similar 
to results reported in previous investigations [8, 16, 29]. 
It is worth mentioning that such a high magnitude of 
exchange bias field Heb such high temperatures has 
never been observed so far in related materials system 
[6, 8] to the best of our knowledge. The Heb values 
as a function of cooling magnetic fields were also signif¬ 
icantly higher in nanocrystalline Lai/ 3 Sr 2 / 3 Fe 03_5 [30] 
compared to other reported values in structurally single 
phase alloys and compounds [31]. However, the Heb val¬ 
ues in nanocrystalline Lai/ 3 Sr 2 / 3 Fe 03_5 were observed 
at 5 K [30] whereas in this investigation the values were 
reported up to 250 K. 

As shown in figure 5, increasing cooling field, Heooi, 


FIG. 5: Gooling field dependence of exchange bias field (Heb) 
at 150 k and 250 K for Bio. 9 Gdo. 1 Feo. 9 Tio. 1 O 3 nanoparticles. 


gives rise to increase in Heb- This observation ulti¬ 
mately indicates that the cooling magnetic field, Heooi 
induces a very strong anisotropic [30] magnetic phase in 
this nanoparticle system. It was reported earlier that 
in BiFeOs, the magnetic ordering is of antiferromagnetic 
type, having a spiral modulated spin structure (SMSS) 
with an incommensurate long-wavelength period about 
62 nm [32], thereby, cancelling any macroscopic magne¬ 
tization resulting from the spin canting [32]. Due to the 
simultaneous substitution of Gd and Ti in BiFe 03 , the 
SMSS of BiFe 03 is likely suppressed [17]. However, the 
large coercive fields and unsaturated behavior in the hys¬ 
teresis loop under 30 kOe applied magnetic fields indicate 
the co-existence of strong-anisotropic ferri/ferromagnetic 
and antiferromagnetic domains. As a consequence of the 
coupling between these multiple magnetic domains, it is 
expected that the system acts as a natural system for 
generating EB effect in magnetic Bio,gGdo,iFeo.gTio.i 03 
nanoparticles [21, 33]. 

Although the mechanism for the EB phenomenon of 
pure nanoparticle is still elusive, however, the physical 
origin of exchange bias is rather generally accepted to be 
the exchange coupling between two magnetization com¬ 
ponents of the individual particle: the uncompensated 
spins at the surface are ferromagnetic, while the spins in 
the inner of nanoparticle are antiferromagnetic and re¬ 
ferred to as an AFM core surrounded by an FM shell 
[34]. Therefore, the shift in the hysteresis loop occurs 
due to an interface exchange coupling between the core 
and shell of the nanoparticle system [35] . This core-shell 
multiferroic nanoparticles are functional nanomaterials 
and could be a promising candidate for future applica¬ 
tions even in several fields of biomedicine [36]. It is re¬ 
ported that the interface exchange coupling may provide 
the nanoparticles with exchange bias properties, which 
can help in the conversion of electromagnetic energy into 
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heat for magnetic hyperthermia [37, 38]. 

IV. CONCLUSIONS 

In conclusion, tunable exchange bias effect has 
been observed at temperatures up to 250 K in 
Bio.gGdo.iFeo.gTig.iOa nanoparticles without necessarily 
cooling the samples through ordering temperature T^r. 
The exchange bias effect depends on cooling magnetic 
field and the biasing fields are significantly higher at 
such a high temperature compared than those observed 
in related materials system at low temperature [6, 8]. 
Moreover, the large exchange bias field as well as co¬ 
ercive field (up to 1.95 kOe and 5.1 kOe, respectively) 
make the studied material an interesting starting point 
for further improving EB materials towards room tem¬ 
perature.The observed shift in the hysteresis loop could 
speculatively be attributed to an exchange bias effect 
between permanent antiferromagnetic (and canted) core 
spins and relative free ferromagnetic surface spins as seen 
in other nanoparticle systems [21, 33]. The likely pres¬ 
ence of both magnetoelectric and interface exchange cou¬ 
pling in this type of multiferroic material system might 


be worthwhile for their application in novel multifunc¬ 
tional devices. We also anticipate great potential for ap¬ 
plications of multiferroic nanoparticles in energy related 
applications. In the subsequent investigation, we are in¬ 
terested in solar hydrogen production via water splitting 
where these nanoparticles will be used as a photocata¬ 
lyst due to their enhanced photocatalytic activity [39] 
and small band gap. The synthesized photocatalyst will 
also be deposited as a thin film on a substrate to form 
a photo-anode (or photoelectrode) for carrying out the 
water splitting reaction in solution. 


V. ACKNOWLEDGEMENTS 

The world Academy of Sciences (TWAS), Ref.: 14-066 
RG/PHYS/AS-I; UNESCO FR: 324028567. This work 
was also supported by JSPS KAKENHI (No. 26810117) 
and Nanotechnology Platform Program (Molecule and 
Material Synthesis) of MEXT, Japan. The authors thank 
to Mr. Motoyasu Fujiwara at the Institute of Molecular 
Science (IMS) for his assistance during SQUID measure¬ 
ment. 


[1] W. H. Meiklejohn and C. P. Bean, Phys. Rev. 102, 1413 
(1956). 

[2] J. Nogues and I. K. Schuller, J. Magn. Magn. Mater.192, 
203 (1999). 

[3] V. Sknmryev, S. Stoyanov, Y. Zhang, G. Hadjipanayis, 
D. Givord, and J. Nogues, Nature (London) 423, 850 
(2003). 

[4] Mannan Ali, Patrick Adie, Ghristopher H. Marrows, De¬ 
nis Greig, Bryan J. Hickey, and Robert L. Stamps, Na¬ 
ture Materials Vol. 6, 70-75, (2007). 

[5] Elena Fertman, SergiyDolya, Vladimir Desnenko, L. A. 
Pozhar, Marcela Kajnakova and Alexander Feher J. App. 
Phys. 115, 203906 (2014). 

[6] Shilpi Karmakar, S. Taran, Esa Bose, B. K. Chandhuri, 
C. P. Sun, G. L. Huang, and H. D. Yang, Phys. Rev. B 
77, 144409 (2008). (2006). 

[7] R. Pradheesh, H. S. Nair, V. Sankaranarayanan, and K. 
Sethupathi, Appl. Phys. Lett. 101, 142401 (2012). 

[8] Z. M. Tian, S. L. Yuan, X. F. Zheng, L. G. Jia, S. X. Huo, 
H. N. Duan, and L. Liu, Appl. Phys. Letts. 96, 142516 
( 2010 ). 

[9] J. R. Teague, R. Gerson, W. J. James, Solid State Com- 
mun.8, 1073 (1970). 

[10] Joonghoe Dho, Xiaoding Qi, Hyunho Kim, Judith 
L. MacManus-Driscoll, and Mark G. Blamire, Adv. 
Mater.,18, 1445-1448,(2006). 

[11] S. V. Kiselev, R. P. Ozerov and G. S. Zhdanov, Sov. Phys. 
Dokl. 7, 742 (1963). 

[12] Hong Zhang, Weifang Liu, Ping Wu, Xiao Hai,Minchen 
Guo, Xiaojuan Xi Ju Gao, Xu Wang, Feng Guo,Xunling 
Xu, Can Wang, Guangyao Liu, Weiguo Chue and Shouyu 
Wang, Nanoscale 6, 10831 (2014). 

[13] P. Borisov, A. Hochstrat, X. Chen, W. Kleemann, C. 


Binek, Phys.Rev. Lett., 94, 117203 (2005). 

[14] R. Yao, C. Cao, C. Zheng, and Q. Lei RSC Adv. 3, 24231, 
(2013). 

[15] S. Laureti, D. Peddis, L. D.Bianco, A. Testa, G. Varvaro, 
E. Agostinelli, C. Binns, S. Baker, M. Qureshi and D. 
Fiorani, J. Magn. Magn. Mater.324, 3503 (2012). 

[16] R. Ang, Y. P. Sun, X. Luo, C. Y. Hao, X. B. Zhu, and 
W. H. Song, J. App. Phys., 104, 023914 (2008). 

[17] M. A. Basith, O. Kurni, M. S. Alam, B. L. Sinha, B. 
Ahmmad, J. Appl. Phys., 115, 024102-7, 2014. 

[18] M. A. Basith, D.-T. Ngo, A. Quader, M. A. Rahman, 
B. L. Sinha, Bashir Ahmmad, Fumihiko Hirose and K. 
Mplhave, Nanoscale, 6, 14336 (2014). 

[19] In supplemental figure 1(S1) we show a high magnifica¬ 
tion TEM image (a) along with the particle size distribu¬ 
tion histogram (b) of the synthesized nanoparticles. Fig¬ 
ures 2(S2) and 3(S3) demonstrate the enlarged view of 
the M-H loops obtained at 150 K and 250 K, respectively. 
Table 1 displays the coercive field values at different tem¬ 
peratures and cooling magnetic fields. 

[20] Liang Fang, Jian Liu, Sheng Ju, Fengang Zheng, Wen 
Dong, and Mingrong Shen, Appl. Phys. Lett. 97, 242501 
( 2010 ). 

[21] T. J. Park, Georgia C. A. Papaefthymiou, A. J. Viescas, 

A. R. Moodenbaugh, S. S. Wong, Nano Lett., 7 (3), 766- 
772, (2007). 

[22] T.-J. Park, G. C. Papaefthymiou, A. R. Moodenbaugh, 
Y. Mao, S.S. Wong, J. Mater. Chem.l5, 2099-2105 
(2005). 

[23] Manoj K. Singh, W. Prellier, M. P. Singh, Ram S. Kati- 
yar, and J. F. Scott, Phys. Rev. B, 77, 144403 (2008). 

[24] D. S. Rana,D. G. Kuberkar,and S. K. Malik, Phys. Rev. 

B, 73, 064407 (2006). 



6 


[25] J. Lu, A. Gunther, F. Schrettle, F. Mayr, S. Krohns, P. 
Lunkenheimer, A. Pimenov, V.D. Travkin, A.A. Mukhin, 
and A. Loid, Eur. Phys. J. B 75, 451-460 (2010). 

[26] V. V.Lazenka, G Zhang, J Vanacken, I IMakoed, A F 
Ravinski and V VMoshchalkov, J. Phys. D: Appl. Phys. 
45, 125002 (2012). 

[27] J. Krishna Murthy and A. Venimadhav, Appl. Phys. 
Lett. 103, 252410 (2013). 

[28] Y. Guo, L. Shi, S. Zhou, J. Zhao, C. Wang, W. Liu and 
S. Wei, J. Phys. D: Appl. Phys. 46, 175302 (2013). 

[29] S. Huang, L. R. Shi, H. G. Sun, G. M. Zhu, Z. M. Tian, 
and S. L. Yuan, Appl. Phys. Lett. 105, 192904 (2014). 

[30] Sk. Sabyasachi, M. Patra, S. Majumdar, and S. Giri,S. 
Das and V. S. Amaral, O. Iglesias, W. Borghols, T. Ghat- 
terji, Phys. Rev. B, 86, 104416 (2012). 

[31] S. Giri, M. Patra, and S. Majumdar, J. Phys.: Condens. 
Matter 23, 073201 (2011). 

[32] 1. Sosnowska, T. Peterlin-Neumaier and E. Streichele, J. 
Phys. C: Sol. Stat. Phys., 15, 4835 (1982). 

[33] D. P. Dutta, B. P. Mandal, R. Naik, G. Lawes, A. K. 
Tyagi, J. Phys. Ghem. C, 112, 2382-2389 (2013). 


[34] G. H. Yang, J. Seidel, S. Y. Kim, P. B. Rossen, P. Yu, M. 
Gajek, Y. H. Ghu, L. W. Martin, M. B. Holcomb, Q. He, 
P. Maksymovych, N. Balke, S. V. Kalinin, A. P. Baddorf, 
S. R. Basu, M. L. Scullin and R. Ramesh, Nat. Mater., 
8 , 485, (2009). 

[35] S. Dong, K. Yamauchi, S. Yunoki, R. Yu, S. Liang, A. 
Moreo, J. M. Liu, S. Picozzi and E. Dagotto, Phys. Rev. 
Lett., 103,127201, (2009). 

[36] Advanced Magnetic Materials, edited by Leszek Malkin- 
ski, ISBN 978-953-51-0637-1, Published: May 24, 2012 
(Ghapter 4, DOT: 10.5772/39100). 

[37] P.Hugounenq, M.Levy, D.Alloyeau, L.Lartigue, 

E. Dubois, V.Cabuil, G. Ricolleau, S.Roux, G.Wilhelm, 

F. Gazeau, R.Bazzi, J.Phys.Ghem.G 116, 15702-15712 

( 2012 ). 

[38] P.B.Shete, R.M.Patil, R.S.Ningthoujam S.J.Ghosha, 
S.H.Pawar, New J. Ghem. 37, 3784-3792 (2013). 

[39] Renqing Guo, Liang Pang, Wen Dong, Fengang Zheng, 
and Mingrong Shen, J. Phys. Ghem. C, 114, 21390721396 
( 2010 ). 



